Cytotoxic T lymphocyte (CTL) and natural killer (NK) cells are critical for protecting higher organisms against intracellular pathogens, including viruses. Following the formation of a stable conjugate, major histocompatibility complex‐restricted CD8^+^ T cells secrete granule‐bound toxins that induce apoptosis in the infected cell. The pore‐forming protein perforin (Pfp) coalesces into transmembrane channels that permit access for a family of serine proteases (granzymes, Gzms) to proapoptotic substrates in the target cell cytosol.[^1^](#bib1){ref-type="ref"} Pfp, which is encoded by a single copy gene, is critical for granule‐mediated cytotoxicity, and its deficiency results in severe susceptibility to many viruses, including the poxvirus ectromelia and the herpesvirus cytomegalovirus (CMV).[^2^](#bib2){ref-type="ref"} ^,^ [^3^](#bib3){ref-type="ref"} ^,^ [^4^](#bib4){ref-type="ref"} ^,^ [^5^](#bib5){ref-type="ref"} ^,^ [^6^](#bib6){ref-type="ref"} In contrast, deficiency of more than one Gzm (typically both GzmA and GzmB) is required for significant viral susceptibility to become evident *in vivo*.[^4^](#bib4){ref-type="ref"} ^,^ [^7^](#bib7){ref-type="ref"}

Given the potency of granule toxins, cytotoxic lymphocytes have unsurprisingly developed strategies to limit their own susceptibility to Gzm‐mediated apoptosis. In particular, Gzms are synthesized as zymogens and become activated by the removal of an N‐terminal dipeptide only at the time of packaging into secretory vesicles. Cathepsin C (CatC) (dipeptidylpeptidase 1) is known to be the major mediator of pro‐Gzm activation, as mice deficient in this enzyme have reduced Gzm activity.[^8^](#bib8){ref-type="ref"} CatC is also critical for activation of additional families of serine proteases, including those expressed in mast cells and neutrophils.[^9^](#bib9){ref-type="ref"} Recently, we made the surprising observation that the CTLs and NK cells of CatC‐deficient mice still retain potent killing capacity. Both *in vitro*‐activated alloreactive CTLs and interleukin (IL‐2) activated NK cells from these mice were able to kill target cells more efficiently than cells isolated from mice with genetic deletion of both the GzmA and GzmB genes.[^10^](#bib10){ref-type="ref"} In the absence of CatC, we found that GzmA activity was negligible; however, there was sufficient residual GzmB activity to permit significant Pfp‐dependent apoptosis to continue. It is therefore likely that proteases other than CatC are also capable of activating pro‐GzmB, although with reduced efficiency.

Mouse models have proved very useful to dissect the roles of specific effector pathways in complex immune responses, such as those elicited during viral infection. In particular, infection of mice with murine CMV (MCMV) is one of the best systems for this type of analysis. NK cells and CD8^+^ CTLs are the principal cellular mediators of anti‐MCMV activities during acute infection, with NK cells having the main antiviral role in the C57BL/6 mouse strain.[^11^](#bib11){ref-type="ref"} NK cells and CTLs deliver most of their cytolytic effects through granule exocytosis. We have previously shown that mice lacking GzmAB display increased susceptibility to MCMV, characterized by higher viral titers in several of the target organs during acute infection.[^4^](#bib4){ref-type="ref"} As CatC‐deficient mice possess reduced Gzm activity, we set out to investigate how CatC^−/−^ mice respond to MCMV infection. Surprisingly, we found that although CatC‐deficient mice showed increased susceptibility to MCMV infection, this was not as overt as that observed in mice lacking GzmAB. Furthermore, the effector function of both NK cells and antiviral CD8^+^ CTLs from CatC‐deficient mice was equivalent to that of wild‐type mice. Thus, CatC has an important role in limiting acute MCMV infection, but this is independent of its function as a proactivator of Gzm A and GzmB cytolytic activity. To our knowledge this is the first evidence that effector cells generated *in vivo* in response to a viral infection exert their cytolytic functions independently of CatC.

RESULTS {#imcb2010115-sec-0001}
=======

Role of CatC in controlling MCMV replication *in vivo* {#imcb2010115-sec-0002}
------------------------------------------------------

Several studies have assessed the role of CatC activity on aspects of the immune response. The phenotype of CatC‐deficient mice was proposed to mirror that of GzmAB‐null mice as lymphocytes isolated from these animals were found to have minimal amounts of GzmB activity and no detectable GzmA activity.[^8^](#bib8){ref-type="ref"} However, alloreactive CTLs and IL‐2‐activated NK cells isolated from CatC^−/−^ mice were shown to induce apoptosis in target cells as efficiently as wild‐type CTL, and, unlike GzmAB^−/−^ mice, CatC‐deficient animals were not susceptible to ectromelia virus infection.[^10^](#bib10){ref-type="ref"} These data suggest that despite CatC having a role in the generation of active Gzm, immune effectors in CatC^−/−^ mice may be capable of generating sufficient Gzm activity to kill target cells. However, the lytic activity of CatC^−/−^ effectors generated during a physiological response *in vivo* has not been assessed.

We have previously determined that Pfp^−/−^ or GzmAB^−/−^ mice are more sensitive to MCMV infection than wild‐type B6 mice.[^4^](#bib4){ref-type="ref"} ^,^ [^5^](#bib5){ref-type="ref"} As cytotoxic activity mediated by NK cells and CD8^+^ T cells is critical to effectively limit MCMV infection, this model provides an ideal setting to compare the impact of CatC deletion with that caused by specific deletion of Gzm A and B. MCMV replication was assessed in the indicated target organs at days 4 and 10 post infection (p.i.). As expected,[^4^](#bib4){ref-type="ref"} GzmAB^−/−^ mice showed raised viral titers in both the spleen and the lungs ([Figure 1a](#fig1){ref-type="fig"}). Conversely, CatC^−/−^ mice could limit MCMV replication as effectively as wild‐type mice in both the spleen and the lungs at the time points tested ([Figure 1a](#fig1){ref-type="fig"}). However, like GzmAB^−/−^ mice, CatC‐deficient mice exhibited increased MCMV titers in the liver and salivary glands ([Figure 1b](#fig1){ref-type="fig"}). Thus, the absence of CatC results in organ‐specific defects in the ability to limit MCMV infection, a phenotype that differs significantly from that observed in GzmAB^−/−^ mice.

Depletion of neutrophils has no impact on MCMV replication *in vivo* {#imcb2010115-sec-0003}
--------------------------------------------------------------------

The processing and activation of several serine proteases expressed by neutrophils is dependent on CatC activity, and the recruitment of CatC‐deficient neutrophils to sites of inflammation is impaired in some experimental settings.[^9^](#bib9){ref-type="ref"} ^,^ [^12^](#bib12){ref-type="ref"} These findings prompted us to examine the role of neutrophils in the immune response to MCMV infection. Before infection with MCMV, B6 mice were injected with an anti‐Ly6G‐specific antibody (NIMP‐R14) according to the protocol outlined in the methods section. Fluorescence‐activated cell sorting (FACS) analysis confirmed that treatment with the NIMP‐R14 antibody resulted in the specific depletion of neutrophils (data not shown). Importantly, depletion of neutrophils had no impact on the ability of B6 mice to control MCMV infection in any of the organs examined ([Figure 2](#fig2){ref-type="fig"}). This finding indicates that the increased sensitivity to MCMV infection observed in CatC^−/−^ mice is not consistent with a defect in neutrophil function.

CatC is not essential for NK cell‐mediated cytotoxicity {#imcb2010115-sec-0004}
-------------------------------------------------------

Some mouse strains, such as B6, successfully limit acute MCMV infection due to an effective NK‐cell response. As CatC‐deficient mice are more sensitive to MCMV infection than wild‐type B6 animals, we assessed the ability of NK cells isolated from CatC^−/−^ mice to kill sensitive targets. Pfp‐, GzmAB‐ and CatC‐deficient mice (all on a B6 background) were infected with MCMV and splenocytes isolated 3 days p.i., a time when maximal NK‐cell cytotoxic activity is expected. Splenocytes were incubated with ^51^Cr‐labeled YAC‐1 target cells and specific lysis was quantified after 4 h. In agreement with previous reports,[^13^](#bib13){ref-type="ref"} ^,^ [^14^](#bib14){ref-type="ref"} Pfp^−/−^ NK cells were unable to lyse sensitive targets ([Figure 3](#fig3){ref-type="fig"}). In contrast, CatC^−/−^ NK cells were as effective as wild‐type or GzmAB^−/−^ NK cells in killing YAC‐1 target cells ([Figure 3](#fig3){ref-type="fig"}). Therefore, deletion of CatC does not impair the cytotoxic function of NK cells. Indeed, the fact that deficiency of both GzmA and GzmB produced no reduction in NK‐cell killing indicates that, in this model, NK cell‐dependent target cell death involves Pfp‐mediated pathways that utilize alternative Gzms or effector proteases.

CatC deletion does not inhibit antigen processing {#imcb2010115-sec-0005}
-------------------------------------------------

The Cat family of proteases are involved in a number of biological processes. As a number of Gzms are involved in antigen processing (reviewed in Zavasnik‐Bergant and Turk[^15^](#bib15){ref-type="ref"}), the capacity of CatC^−/−^ dendritic cells (DCs) to process exogenous antigen was assessed. Antigen processing was assessed using DQ‐ovalbumin (DQ‐OVA). DQ‐OVA is a self‐quenched OVA conjugate that fluoresces only after proteolytic processing. Splenocytes were isolated from naïve B6, CatC^−/−^ or GzmAB^−/−^ mice and incubated with DQ‐OVA at either 37 °C or 4 °C. The incubation at 4 °C provides a control for nonenzymatic processing of DQ‐OVA. Splenocytes were then stained with antibodies against CD11c and MHCII, and cells analyzed by FACS. The percentage of DCs (CD11c^+^MHCII^+^) in the spleen was equivalent in all the mouse strains tested ([Figure 4a](#fig4){ref-type="fig"}). Furthermore, processing of DQ‐OVA by DCs was equivalent in the three mouse strains ([Figure 4b](#fig4){ref-type="fig"}). Thus, deletion of CatC or GzmAB does not impair the capacity of DCs to process exogenous antigen.

Impact of CatC on the generation of CTL {#imcb2010115-sec-0006}
---------------------------------------

Although CatC^−/−^ mice were able to process exogenous antigen normally and possessed similar numbers of DCs as wild‐type mice, the DCs of CatC^−/−^ mice expressed lower levels of the β2‐integrin CD11c ([Figure 4a](#fig4){ref-type="fig"}). Indeed the mean fluorescent intensity of CD11c staining of CatC^−/−^ DCs was significantly lower than that of wild‐type or GzmAB^−/−^ DCs ([Table 1](#tbl1){ref-type="table"}). β2‐integrins consist of a heterodimer between a unique α‐subunit associated with the common β2 chain (CD18). The β2 family is composed of four members: LFA‐1 (CD11a/CD18), Mac‐1 (CD11b/CD18), p150,95 (CD11c/CD18) and αdβ2 (CD11d/CD18).[^16^](#bib16){ref-type="ref"} The β~2~‐integrins are leukocyte‐specific proteins that are critical for cell--cell interactions during immune responses.[^16^](#bib16){ref-type="ref"} Hence, the reduction in CD11c expression observed on CatC^−/−^ DCs could potentially impact on the capacity of DCs to interact with naïve T cells, thereby inhibiting the generation of the subsequent adaptive response to MCMV. Some support for this hypothesis comes from the observation that CatE‐deficient macrophages have a reduced capacity for adhesion correlating with decreased expression of CD18.[^17^](#bib17){ref-type="ref"}

###### 

Expression of β2‐integrins on DC, CD8^+^ T cells and NK cells after MCMV infection

                                                    *B6*       *B6.CatC* ^−/−^   *B6.GzmAB* ^−/−^
  ------------------------------------------------- ---------- ----------------- ------------------
  *Dendritic cells* [^a^](#t1-fn3){ref-type="fn"}                                
     CD11c                                          5523±206   3298±195^∗∗∗^     4972±350
                                                                                 
  *CD8 T cells* [^b^](#t1-fn4){ref-type="fn"}                                    
     CD11a                                          1603±239   1668±183^NS^      2675±119
     CD11b                                          477±66     207±15^∗∗^        540±28
     CD11c                                          303±22     138±4^∗∗∗^        275±17
                                                                                 
  *NK cells* [^c^](#t1-fn5){ref-type="fn"}                                       
     CD11b                                          1338±134   639±68^∗∗^        1361±325

Abbreviations: DC, dendritic cell; MCMV, murine cytomegalovirus; NK, natural killer; NS, not significant.

Values are the geometric mean fluorescence intensity ± s.d. (*n*=3). Statistical analysis was performed using an unpaired *t*‐test. ^∗∗^ *P*\<0.005, ^∗∗∗^ *P*\<0.0005.

Naïve spleens.

Day 6‐infected spleens.

Day 3‐infected spleens.

The ability of CatC^−/−^ mice to generate an effective adaptive antiviral immune response was initially examined by evaluating the expression of β2‐integrin proteins on CD8^+^ T cells. Several studies have determined that expression of both CD11b and CD11c is increased on activated CTL.[^18^](#bib18){ref-type="ref"} ^,^ [^19^](#bib19){ref-type="ref"} ^,^ [^20^](#bib20){ref-type="ref"} Following MCMV infection of wild‐type or GzmAB^−/−^, mice expression of CD11b and CD11c was upregulated on a significant proportion of splenic CD8^+^ T cells ([Figure 5](#fig5){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). In contrast, fewer CD8^+^ T cells upregulated expression of either CD11b or CD11c in CatC^−/−^ mice after MCMV infection ([Figure 5](#fig5){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). Importantly, expression of CD11a on CD8^+^ T cells was equivalent in wild‐type, GzmAB^−/−^ and CatC^−/−^ mice ([Figure 5](#fig5){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). Thus, deletion of CatC prevents the upregulation of CD11b and CD11c, β2‐integrins associated with T‐cell activation.

Following MCMV infection, the frequency and absolute number of CD8^+^ T cells increased in wild‐type mice ([Figures 6a and b](#fig6){ref-type="fig"}). Importantly, expansion of the splenic CD8^+^ T‐cell pool in CatC^−/−^ was equivalent to that observed in wild‐type mice. Although the percentage of CD8^+^ T cells in the spleens of GzmAB^−/−^ was equivalent to that of wild‐type mice, the absolute number was significantly lower ([Figure 6b](#fig6){ref-type="fig"}). This finding reflects a general loss of splenic cellularity associated with the inability to control MCMV replication in the spleen of GzmAB^−/−^ mice.[^4^](#bib4){ref-type="ref"}

Despite the potential for a large pool of virally derived peptides to be presented to CD8^+^ T cells, the immune response to many viruses is often directed against a few immunodominant epitopes. During the adaptive immune response to MCMV infection in B6 mice, an epitope derived from the M45 viral protein is immunodominant.[^21^](#bib21){ref-type="ref"} The expansion of CD8^+^ T cells directed against M45 was monitored by staining splenic T cells with a fluorescently conjugated M45 tetramer. By day 6 post‐MCMV infection, a significant expansion of CD8^+^ T cells directed against M45 had occurred in wild‐type mice ([Figures 6c and d](#fig6){ref-type="fig"}). Importantly, a similar expansion of M45‐specific CD8^+^ T cells occurred in CatC^−/−^ mice, suggesting that the loss of CatC does not impair the capacity to generate antigen‐specific T‐cell responses. A significant, but lower expansion of M45‐specific CD8^+^ T cells was observed in MCMV‐infected GzmAB^−/−^ mice ([Figures 6c and d](#fig6){ref-type="fig"}).

CTL function is not affected by CatC deletion {#imcb2010115-sec-0007}
---------------------------------------------

We have previously determined that *ex vivo* activated CatC^−/−^ CD8^+^ T cells are capable of producing active GzmB.[^10^](#bib10){ref-type="ref"} We therefore sought to determine if CD8^+^ T cells in CatC^−/−^ mice were capable of producing active GzmB in response to viral infection *in vivo*. CD8^+^ T cells were purified from the spleen of wild‐type or relevant knockout mice at day 6 p.i. with MCMV. The capacity of lysates prepared from purified CD8^+^ T cells to cleave a GzmB‐specific substrate was then assessed. Significant GzmB activity was detected in lysates from wild‐type CD8^+^ T cells ([Figure 7a](#fig7){ref-type="fig"}). The specificity of the assay is demonstrated by the finding that no significant cleavage of the substrate occurred when lysates prepared from GzmAB^−/−^ CD8^+^ T cells were used ([Figure 7a](#fig7){ref-type="fig"}). Importantly, although the GzmB activity of CatC^−/−^ CD8^+^ T cells is below that found in wild‐type cells, active GzmB is clearly present in these cells ([Figure 7a](#fig7){ref-type="fig"}). Thus, although CatC has a role in the production of active GzmB *in vivo*, other means of processing GzmB into its active form clearly exist. These data are the first to establish that CatC^−/−^ cells have the capacity to produce active GzmB *in vivo*, in response to infection with a viral pathogen.

Expansion of M45‐antigen‐specific CD8^+^ T cells in CatC^−/−^ occurred to the same extent as in wild‐type mice, implying that this response occurs independently of CatC. However, expression of CD11b and CD11c on the total CD8^+^ T‐cell pool in CatC^−/−^ mice was lower than that observed in CD8^+^ T cells from either wild‐type or GzmAB^−/−^ mice ([Figure 5](#fig5){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). Expression of integrins is essential for some aspects of T‐cell function, such as homing to sites of inflammation.[^19^](#bib19){ref-type="ref"} Hence, although expansion of antigen‐specific T cells occurs normally in CatC^−/−^ mice, it is possible these cells may be functionally impaired. Furthermore, GzmB activity in CatC^−/−^ CD8^+^ T cells is lower than that of wild‐type cells ([Figure 7a](#fig7){ref-type="fig"}). We therefore tested the possibility that the function of CatC^−/−^ CD8^+^ T cells may be impaired; this was achieved by measuring the *in vivo* CTL response of CatC^−/−^ mice. Wild‐type mice, or the relevant knockout mouse strains, were infected with MCMV. On day 6 p.i., a 1:1 mixture of 5,6‐carboxyfluorescein diacetate succinimidyl ester (CFSE)‐labeled M45 peptide‐pulsed target cells and nonpulsed targets were injected into mice. Mice were killed 4 h later, a single‐cell suspension prepared from the spleen and the specific loss of M45‐pulsed targets determined by FACS analysis. Mice deficient in Pfp were unable to kill M45‐pulsed target cells ([Figure 7b](#fig7){ref-type="fig"}). In contrast, CatC^−/−^ and GzmAB^−/−^ mice were as efficient as wild‐type mice in clearing M45‐peptide‐pulsed targets in the spleen ([Figure 7b](#fig7){ref-type="fig"}). Similarly, the clearance of peptide‐pulsed targets in the liver of MCMV‐infected CatC^−/−^ or GzmAB^−/−^ mice was equivalent to that of wild‐type mice ([Figure 7c](#fig7){ref-type="fig"}). Together these data demonstrate that CatC^−/−^ mice are capable of generating functional antiviral CD8^+^ T‐cell responses *in vivo*.

DISCUSSION {#imcb2010115-sec-0008}
==========

The cysteine protease CatC is critical for the processing and activation of several serine proteases, including GzmA and GzmB. We have previously demonstrated that control of MCMV infection is impaired in GzmAB^−/−^ mice,[^4^](#bib4){ref-type="ref"} therefore, the capacity of CatC‐null mice to control MCMV would be predicted to mirror the defect seen in GzmAB^−/−^ mice. However, we found that unlike GzmAB^−/−^ mice, CatC‐deficient mice were able to efficiently control MCMV infection in the spleen and the lungs. In B6 mice, control of acute MCMV infection is mediated by NK cells that use a combination of cytotoxic activity and production of interferon‐γ to limit viral replication in the various target organs.[^5^](#bib5){ref-type="ref"} ^,^ [^22^](#bib22){ref-type="ref"} ^,^ [^23^](#bib23){ref-type="ref"} In the spleen and the lungs of B6 mice, NK cells exert their effects through Pfp‐mediated cytolytic activities.[^5^](#bib5){ref-type="ref"} ^,^ [^22^](#bib22){ref-type="ref"} ^,^ [^23^](#bib23){ref-type="ref"} CTL have an antiviral role later in infection. We found that NK cells and CTL from MCMV‐infected CatC‐deficient mice were as effective as wild‐type B6 effectors in killing sensitive targets *in vitro* and *in vivo*. Furthermore, CD8^+^ T cells isolated from MCMV‐infected CatC^−/−^ mice contain active GzmB. These findings are consistent with data demonstrating that CatC^−/−^ alloreactive CTLs or IL‐2 NK cells retain cytotoxic function *in vitro*.[^10^](#bib10){ref-type="ref"} These results are the first to show that the capacity of NK cells and CTL to lyse virally infected cells *in vivo* in the spleen of MCMV‐infected mice is not impaired in the absence of CatC activity.

Unlike CatC‐deficient mice, GzmA/B^−/−^ mice cannot control MCMV replication in the spleen.[^4^](#bib4){ref-type="ref"} However, NK cells or MCMV‐specific CTLs isolated from GzmA/B^−/−^ mice were as effective as those isolated from wild‐type mice in lysing target cells *in vitro*. Indeed, independent studies have reported that cytotoxic effector cells from GzmAB^−/−^ mice efficiently lyse various target cells.[^13^](#bib13){ref-type="ref"} ^,^ [^17^](#bib17){ref-type="ref"} ^,^ [^24^](#bib24){ref-type="ref"} Thus, there is an apparent discrepancy between the *ex vivo* killing efficiency of GzmAB^−/−^ effectors, which is equivalent to that of wild‐type cells, and the inability of GzmAB^−/−^ mice to control MCMV replication in the spleen. Although GzmAB^−/−^ effectors are capable of killing target cells, the type of cell death induced is distinct from that induced by wild‐type effector cells.[^13^](#bib13){ref-type="ref"} ^,^ [^14^](#bib14){ref-type="ref"} Hence, it is possible that the killing of MCMV‐infected cells *in vivo* may require a specific form of cell death that GzmAB^−/−^ effectors are incapable of inducing. Alternatively, the Gzms may have a role in inhibiting some aspect of viral replication completely independently of their role as mediators of cell death. For example, the TSP‐1 proteinase secreted by CTL is able to inactivate the reverse transcriptase derived from the Moloney murine leukemia virus.[^25^](#bib25){ref-type="ref"} Similarly, GzmB activity prevents the reactivation of HSV‐1 by degrading the ICP4 immediate early protein in neurons without inducing apoptosis,[^26^](#bib26){ref-type="ref"} and GzmH inhibits replication of adenovirus by cleaving a virally encoded DNA binding protein.[^27^](#bib27){ref-type="ref"} Therefore, there is increasing evidence that Gzms have noncytotoxic activities that may contribute to the control of viral infections.

Surprisingly, viral replication in the liver of CatC^−/−^ mice was significantly higher than that observed in wild‐type B6 mice, despite the fact that CatC‐deficient mice could control MCMV infection in the spleen and the lungs. CatC has a role in the activation of neutrophil serine proteases, including neutrophil elastase.[^9^](#bib9){ref-type="ref"} ^,^ [^12^](#bib12){ref-type="ref"} It was, therefore, plausible that the increased viral replication observed in CatC‐deficient mice might have been the result of impaired neutrophil function. Our studies however showed that depletion of neutrophils does not lead to an increase in viral titers and does not recapitulate the inability to control viral replication observed in target organs of CatC‐deficient mice. These data provide evidence, although indirect, that the phenotype observed in CatC^−/−^ mice after MCMV infection does not relate to a defect in neutrophil function.

As some members of the Cat family have been shown to participate in antigen processing, the possibility that defective antigen processing in CatC^−/−^ mice may account for the inability to control MCMV infection was tested. We found that DCs purified from CatC‐deficient mice processed antigen as efficiently as wild‐type DCs. Furthermore, antigen‐specific antiviral T‐cell responses were comparable in CatC^−/−^ and wild‐type mice. Thus, the fundamental aspects of an antiviral immune response appeared normal in CatC‐deficient mice.

We found that DCs, NK cells and CTLs from CatC^−/−^ mice expressed reduced levels of some β2‐integrins. The β2‐integrins are involved in various aspects of lymphocyte adhesion and migration. Therefore, the inability of CatC^−/−^ mice to control MCMV in the liver could have been due to defects in the migration of effector cells, especially NK cells which are critical to virus control in the liver during acute infection. However, the number of NK cells that accumulate in the liver of MCMV‐infected CatC‐deficient mice was equivalent to that of wild‐type mice (data not shown), indicating that migration of NK cells was not altered by the absence of CatC.

The inability of CatC^−/−^ mice to control MCMV replication in the liver may reflect a defect in the generation of an appropriate inflammatory response. GzmA activity has been shown to initiate an inflammatory response by stimulating macrophages to produce cytokines such as IL‐1β, tumor necrosis factor‐α and IL‐6.[^28^](#bib28){ref-type="ref"} As CatC^−/−^ mice lack GzmA activity, a reduction in the production of proinflammatory cytokines may account for the inability to control MCMV replication in the liver. However, levels of IL‐6, IL‐12 and interferon‐γ in the liver of CatC^−/−^ mice were equivalent to those of wild‐type mice (data not shown). Furthermore, we have previously demonstrated that production of interferon‐γ and tumor necrosis factor‐α in GzmAB^−/−^ mice after MCMV infection is equivalent to that of wild‐type mice.[^4^](#bib4){ref-type="ref"} Together the data indicate that the inability of CatC^−/−^ mice to control MCMV infection is not because of defects in the production of proinflammatory cytokines.

Like CatC^−/−^ mice, the mice deficient in either GzmA or GzmB only effectively control MCMV replication in the spleen but not the liver.[^4^](#bib4){ref-type="ref"} These observations suggest that the activities of both GzmA and GzmB are required to control MCMV infection in the liver, although in the spleen the activity of either protease is sufficient to limit viral replication. This hypothesis is consistent with the observation that CatC^−/−^ mice retain residual GzmB activity, but have no GzmA activity.[^10^](#bib10){ref-type="ref"} Alternatively, some of the antiviral effects of CatC may be totally independent of its role as a proactivator of Gzms. The Cat family of endosomal proteases has been implicated in the proteolytic processing of several viruses. In the majority of instances described to date the Cats participate in activities that favour viral replication. For example, CatB and CatL are required for the efficient entry of Ebola and Severe acute respiratory syndrome coronavirus into host cells.[^29^](#bib29){ref-type="ref"} ^,^ [^30^](#bib30){ref-type="ref"} Here, we describe an antiviral role for CatC.

Previous studies excluded a role for CatC in controlling infection with ectromelia virus.[^10^](#bib10){ref-type="ref"} It is worth noting that ectromelia virus and CMV are viral pathogens with very distinct characteristics. Although ectromelia is a highly cytopathic virus which kills the cells it infects, the primary targets of MCMV infection *in vivo*, macrophages and DCs are not killed by viral infection.[^31^](#bib31){ref-type="ref"} Furthermore, the control of the ectromelia and MCMV *in vivo* relies on Gzm and Pfp to differing degrees; both Pfp‐ and GzmAB‐deficient mice succumb to infection with ectromelia,[^2^](#bib2){ref-type="ref"} whereas only Pfp‐deficient, but not GzmAB‐deficient mice die after MCMV infection.[^4^](#bib4){ref-type="ref"} It is therefore not unexpected that the role of CatC may be different in different viral infections. It is possible that the proteolytic activities of CatC may be utilized to various degrees by the host as a means to impede viral replication by interfering, for example, with appropriate viral assembly. This is an exciting possibility worthy of further investigation.

In summary, we have provided novel evidence that CatC participates in antiviral immune responses and is involved in limiting MCMV replication during acute infection, especially in the liver. Importantly, this role of CatC is independent of its known functions as an activator of Gzm A and GzmB cytolytic activity or neutrophil elastase function. To our knowledge, this is the first study to show *in vivo*, in a physiological setting of viral infection that the lytic function of NK cells and CTL is not affected by the absence of CatC.

METHODS {#imcb2010115-sec-0009}
=======

Mice {#imcb2010115-sec-0010}
----

Inbred C57BL/6J (B6) mice were obtained from the Animal Resources Centre (Perth, WA, Australia). C57BL/6J.cathepsinC^−/−^ (CatC^−/−^), C57BL/6J.granzymeA^−/−^ and granzymeB^−/−^ (GzmAB^−/−^) and C57BL/6J.perforin^−/−^ (Pfp^−/−^) mice were bred at the Peter MacCallum Cancer Centre, Melbourne, Australia. Mice were housed under specific pathogen‐free conditions at the animal services facility of the University of Western Australia. Experiments were performed with the approval of the animal ethics and experimentation committee of the University of Western Australia and according to the guidelines of the National Health and Medical Research Council of Australia.

Cell lines and reagents {#imcb2010115-sec-0011}
-----------------------

M210B4 cells were cultured in minimal essential medium (Gibco Life Sciences, Sydney, NSW, Australia) containing neonatal calf serum (Gibco Life Sciences). YAC‐1 cells were cultured in complete RPMI medium 1640 (Gibco Life Sciences) containing 10% heat‐inactivated fetal bovine serum (Gibco Life Sciences), 2 m[m l]{.smallcaps}‐glutamine and 50 μ[m]{.smallcaps} 2‐mercaptoethanol.

Treatment of mice {#imcb2010115-sec-0012}
-----------------

Mice were infected intraperitoneally with mCMV‐K181‐Perth salivary gland‐propagated virus diluted in phosphate‐buffered saline (PBS)‐0.05% fetal bovine serum. A dose of 10^4^ PFU of salivary gland‐propagated virus was used for the pathogenesis studies, whereas a 5 × 10^3^ PFU of salivary gland‐propagated virus dose was used for phenotypic analysis of lymphocytes. To deplete neutrophils, mice were inoculated intraperitoneally with 25 μg of the NIMP‐R14 monoclonal antibody[^32^](#bib32){ref-type="ref"} diluted in PBS‐0.05% fetal bovine serum at days −1 and +1 relative to MCMV infection. Depletion of neutrophils was confirmed by FACS analysis on day 2 p.i.

Determination of viral titers {#imcb2010115-sec-0013}
-----------------------------

At various times p.i., spleen, liver, lungs and salivary glands were collected and processed to determine viral titers by standard plaque assay using M210B4 cells as previously described.[^33^](#bib33){ref-type="ref"}

Chromium release assay {#imcb2010115-sec-0014}
----------------------

NK‐cell activity was assessed by standard Cr‐release assay. Single‐cell suspensions were prepared from the spleen. Splenocytes were diluted twofold on 96‐well plates starting with 1 × 10^6^ cells per well and ^51^Cr‐labeled YAC‐1 target cells (1 × 10^4^ cells per well) were added. Each assay was performed in triplicate. Chromium release was measure after 4 h incubation. Data are presented as percentage of specific lysis, calculated by the following formula: percentage‐specific lysis=(experimental c.p.m.−spontaneous release c.p.m.)/(total c.p.m.−spontaneous release c.p.m.) × 100.

Flow cytometry {#imcb2010115-sec-0015}
--------------

Single‐cell suspensions prepared from the spleen were preincubated on ice for 30 min with PBS‐2% fetal calf serum containing 20% normal goat serum. To detect CD8T cells, fluorescein isothiocyanate‐conjugated T‐cell receptor (TCR; H57‐597; Biolegend, San Diego, CA, USA) was used together with Alexa Fluor‐750‐conjugated CD8α (53--6.7; eBioscience, San Diego, CA, USA) along with either PE‐conjugated H‐2‐D^b^‐985‐HGIRNASFI‐983 M45 tetramer (ImmunoID Tetramers, University of Melbourne,Victoria, Australia), biotin‐conjugated CD11a (2D7; BD Pharmingen, Franklin Lakes, NJ, USA), Pe‐Cy7‐conjugated CD11b (M1/70; BD Pharmingen) or PE‐conjugated CD11c (N418; Biolegend). 7‐Amino‐actinomycin D was incorporated in the final wash at 2 μg ml^−1^. Cells were analyzed on a FACSCanto (Becton Dickinson, San Jose, CA, USA). Appropriately stained controls were used to check compensation for all fluorochromes used. Analysis of the FACS data was performed with the FlowJo software (Stanford University, Stanford, CA, USA).

DQ‐OVA assay {#imcb2010115-sec-0016}
------------

Single‐cell suspensions prepared from the spleen were incubated with 10 μg ml^−1^ DQ‐OVA (Molecular Probes, Carlsbad, CA, USA) at 37 or 4 °C for 2 h. Cells were washed in PBS‐2% fetal calf serum and then stained with APC‐conjugated CD11c (HL3; BD Pharmingen) and PE‐conjugated MHCII (M5/114.15.2; BD Pharmingen) and analyzed by FACS.

*In vivo* CTL assay {#imcb2010115-sec-0017}
-------------------

Viral‐specific CTL‐mediated cytotoxicity was assessed by measuring the elimination of targets pulsed with the M45 viral peptide HGIRNASFI. The *in vivo* CTL assay quantifies CTL activity by measuring the loss of specific peptide‐pulsed targets in comparison with targets that have not been pulsed with peptide. Here, target cell lysis was measured using a modification of the previously described *in vivo* CTL assay.[^34^](#bib34){ref-type="ref"} M45 peptide‐pulsed (0.02 μg ml^−1^) splenocyte targets were labeled with a low concentration (final (0.025 μ[m]{.smallcaps})) of 5,6‐carboxyfluorescein diacetate succinimidyl ester (Molecular Probes), whereas control targets not pulsed with peptide were labeled with a high concentration (final (0.25 μ[m]{.smallcaps})) of CFSE. Labeled cells were washed to remove free CFSE and differential labeling confirmed by flow cytometry. CFSE‐low M45‐pulsed targets and CFSE‐high unpulsed control targets were resuspended in PBS, mixed in equal proportions, and a total of 4 × 10^7^ cells per mouse transferred intravenously into syngeneic mice that had been infected with MCMV for various periods of time. Mice were killed 4 h later and single‐cell suspensions from spleen analyzed by flow cytometry. Transferred cells serve as targets for peptide‐specific CTL. The frequency of unpulsed targets serves as an internal control for trafficking, recovery and nonspecific cell loss. The loss of specific peptide‐pulsed targets is a measure of CTL activity against targets pulsed with the M45 viral peptide. Specific lysis was determined using the following formula: Percentage specific lysis of CFSE‐labeled target cells in each mouse is calculated as follows: (1−(*r* uninfected control mouse/*r* infected test mouse)) × 100 where *r*=frequency of unpulsed targets/frequency of peptide−pulsed targets. The assay is a sensitive and specific method to measure major histocompatibility complex class I‐restricted, CD8‐dependent lysis *in vivo*.

Quantification of GzmB activity {#imcb2010115-sec-0018}
-------------------------------

Mice were injected with 1 × 10^4^ PFU of MCMV and spleens removed at day 6 p.i. A single‐cell suspension was prepared and CD8^+^ T cells purified by depletion of B cells and CD4^+^ T cells. Briefly, splenocytes were resuspended in PBS 0.5% FCS and incubated with anti‐CD19 (clone 1D3, BD) 1 μg ml^−1^ and anti‐CD4 (clone GK1.5) 5 μg ml^−1^ antibodies for 30 min on ice. Cells were resuspended at a concentration of 2 × 10^7^ cells ml^−1^ and incubated with goat anti‐rat IgG beads (Qiagen, Hilden, Germany) and labeled cells removed. unlabeled cells enriched for CD8^+^ T cells were washed in PBS and lysed in NP40 lysis buffer (0.1% NP40, 25 m[m]{.smallcaps} hepes, 250 m[m]{.smallcaps} NaCl and 2.5 m[m]{.smallcaps} EDTA).

ASPase (GrB) activity: GrB activity in CD8^+^ T cells was assessed by the cleavage of a specific synthetic peptide thiobenzylester substrate, Boc‐Ala‐Ala‐Asp‐SBzl (SM Biochemicals LLC, CA, USA) as described previously.[^35^](#bib35){ref-type="ref"} Whole‐cell lysates were normalized for protein content and each sample was assayed in triplicate (50 μg protein per well).

Statistical analysis {#imcb2010115-sec-0019}
--------------------

For statistical analysis, the two‐tailed Mann--Whitney *U*‐test was performed using the statistical software package InStat (GraphPad Software, San Diego, CA, USA). All data are shown as mean ± s.e.m. ± s.d. as indicated.
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 {#imcb2010115-sec-0021}

![Increased MCMV replication in mice lacking CatC. B6 (solid bar), B6.CatC^−/−^ (open bar) or B6.GzmAB^−/−^ (hatched bar) mice were infected with 10^4^ plaque forming units (PFU) of MCMV‐K181‐Perth and viral load in spleen and lung (**a**) and liver and salivary gland (**b**) was determined by plaque assay on days 4 and 10 p.i. Viral titers were determined in three separate experiments and the data pooled, mean ± s.e.m. are plotted (*n*⩾8). Statistical analysis was performed using the nonparametric Mann--Whitney *U*‐test. ^∗∗^ *P*\<0.01; ^∗∗∗^ *P*\<0.001. Dotted line represents the limit of detection of the assay.](IMCB-89-540-g001){#fig1}

![Control of MCMV replication does not require neutrophils. B6 (solid bar) or neutrophil depleted B6 mice (open bar) were infected with 1 × 10^4^ PFU of MCMV‐K181‐Perth and the viral load in the indicated organs determined by plaque assay. Mean ± s.e.m. are plotted (*n*=3). Dotted line represents the limit of detection of the assay.](IMCB-89-540-g002){#fig2}

![NK cell cytotoxic function does not require CatC. B6 mice (filled triangle), B6.CatC^−/−^ (empty square), B6.GzmAB^−/−^ (filled diamond) or B6.Pfp^−/−^ (empty triangle) mice were infected with 5 × 10^3^ PFU of MCMV‐K181‐Perth and spleens collected 3 days p.i. Splenocytes were incubated with ^51^Cr‐labeled Yac‐1 target cells for 4 h and specific lysis determined as described in methods section. Data from three independent experiments have been pooled, mean ± s.e.m. are plotted (*n*=9).](IMCB-89-540-g003){#fig3}

![Processing of antigen by DCs is not impaired in the absence of CatC. Splenocytes from naive B6, B6.CatC^−/−^ and B6.GzmAB^−/−^ mice were isolated and incubated with 10 μg ml^−1^ DQ‐OVA for at 37 or 4 °C for 2 h. Cells were then stained with CD11c and MHCII antibodies and analyzed by FACS (**a**). DQ‐OVA processing in DCs (CD11c^+^ MHCII^+^) was assessed by comparing the intensity of FITC signal from cells incubated at 37 °C (open histogram) with that obtained when cells were incubated at 4 °C (filled histogram) (**b**). Data represents mean ± s.e.m. (*n*=3).](IMCB-89-540-g004){#fig4}

![Upregulation of CD11b and CD11c on CD8 T^+^ cells is impaired in CatC^−/−^ mice. B6, B6.CatC^−/−^ and B6.GzmAB^−/−^ mice were infected with 5 × 10^3^ PFU MCMV‐K181‐Perth and splenocytes isolated 6 days p.i. Expression of the β2‐integrins CD11a, CD11b and CD11c on CD8^+^ T cells was determined by FACS analysis. The percentages of CD8^+^ T cells positive for the various β2‐integrins are shown. Two independent experiments were performed with three mice per group, representative plots are shown.](IMCB-89-540-g005){#fig5}

![Expansion of antigen‐specific CTL does not require CatC. B6, B6.CatC^−/−^ and B6.GzmAB^−/−^ mice were infected with 5 × 10^3^ PFU of MCMV‐K181‐Perth. On day 6 p.i, splenocytes were collected and stained with CD8 and TCR‐β antibodies and M45 tetramers. Representative FACS plots showing percentages of CD8^+^ T cells in the spleens of the various mouse strains are shown (**a**). Total numbers of CD8^+^ T cells are shown in (**b**). Representative FACS plots showing percentage of M45‐specific CD8^+^ T cells per spleen are shown in (**c**) and total numbers of M45‐specific CD8^+^ T cells are shown in (**d**). B6 mice (solid bar), B6.CatC^−/−^ (open bar) and B6.GzmAB^−/−^ (hatched bar). Data from two independent experiments have been pooled, mean ± s.e.m. are plotted (*n*⩾4).](IMCB-89-540-g006){#fig6}

![Antiviral CTL function is normal in CatC mice. (**a**) B6 mice (open bar), B6.CatC^−/−^ (solid bar) and GzmAB^−/−^ (hatched bar) mice were infected with MCMV and CD8^+^ T cells purified at day 6 p.i. Lysates prepared from these cells were assayed for GzmB activity by measuring the hydrolysis of peptide substrate. Data are pooled from two independent experiments (*n*=4). (**b**) The indicated mouse strains were infected with 5 × 10^3^ PFU of MCMV‐K181‐Perth. At day 6 p.i., mice were injected intravenously with a 1:1 mixture of CFSE‐labeled M45‐pulsed targets cells and nonpulsed targets. A single‐cell suspension from the spleens of the infected mice was prepared 4 h after target cell transfer and loss of peptide‐pulsed targets measured by FACS analysis. B6 mice (solid bar), B6.CatC^−/−^ (open bar), B6.GzmAB^−/−^ (hatched bar) and B6.Pfp^−/−^ (grey bar) mice. Data from two independent experiments have been pooled, mean±s.e.m. are plotted (*n*⩾8). ^∗∗∗^ *P*=0.0004. (**c**) Mice were infected with MCMV and peptide‐labeled target cells injected as described. A single‐cell suspension was prepared from livers of infected mice 16 h after target cell transfer and loss of peptide pulsed targets measured by FACS analysis. B6 mice (solid bar), B6.CatC^−/−^ (open bar), B6.GzmAB^−/−^ (hatched bar).](IMCB-89-540-g007){#fig7}
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